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Acoustically  Coupled  Ground  Motion  Under  Controlled  Conditions 

Trial  Study 

LINDAMAEPECK 


INTRODUCTION 

Experimental  studies  of  ground  motion  induced 
by  low-frequency  acoustic  sources  customarily 
are  field  investigations  in  which  ground  motion  is 
measured  at  ranges  of  tens  to  hundreds  of  meters. 
It  is  impractical  to  intentionally  vary  the  wet-dry 
or  frozen-unfrozen  state  of  the  ground  in  a  test 
area  of  several  hundred  square  meters.  If  ground- 
motion  experiments  done  on  a  smaller  scale  were 
found  to  provide  useful  results,  then  the  depen¬ 
dence  of  acoustically  coupled  ground  motion  on 
such  factors  as  the  moisture  content  or  the  frozen- 
thawed  state  of  the  ground  could  be  investigated 
systematically.  The  feasibility  of  doing  ground 
motion  studies  under  controlled  conditions  in  the 
Frost  Effects  Research  Facility  (FERF)  was  deter¬ 
mined  with  a  series  of  studies  in  1985  and  1986. 

TEST  FACILITY 

One  portion  of  the  interior  of  the  FERF  is  divid¬ 
ed  into  eight  rectangular  test  basins.  The  south¬ 
west  test  basin  was  selected  for  this  study.  Instead 
of  a  concrete  floor,  the  base  of  this  chamber  is  the 
local,  fine-grained  soil  that  was  left  in  place  during 
construction  of  the  FERF. 

A  major  consideration  was  to  determine  if  acous¬ 
tically  coupled  ground  motion  would  be  distin¬ 
guishable  from  ground  motion  inherent  to  the 
FERF.  Vehicle  traffic  around  the  FERF,  particular¬ 
ly  heavy  equipment  such  as  dump  trucks  and  ex¬ 
cavators,  induces  ground  motion  that  propagates 
into  the  FERF.  Mechanical  activity,  such  as  the 
action  of  pumps  and  air  compressors,  imparts  vi¬ 
brations  to  the  FERF  structure  that  couple  into  the 
ground.  Some  of  the  extraneous  ground  motion 
was  reduced  to  a  minimum  with  the  assistance  of 


the  refrigeration  staff,  who  shut  down  nonessen¬ 
tial  equipment  during  the  acoustic-coupling  ex¬ 
periments.  Other  equipment,  however,  operated 
automatically;  therefore  it  was  always  possible 
that  equipment  could  activate  during  the  experi¬ 
ments. 

A  series  of  trial  experiments  was  done  to  deter¬ 
mine  the  characteristics  of  the  ground  motion  in¬ 
herent  to  the  FERF.  In  March  1985,  geophones, 
which  are  motion  transducers  that  produce  a  volt¬ 
age  proportional  to  the  velocity  of  ground  motion, 
were  placed  at  the  surface  of  the  soil  in  the  south¬ 
west  test  basin.  A  time  series  record  of  the  output 
of  each  geophone  was  obtained  while  various 
FERF  mechanical  equipment,  such  as  pumps  and 
air  handlers,  were  in  operation.  The  ground  mo¬ 
tion  was  of  low  amplitude  and  low  frequency.  It 
was  recognizably  different  in  amplitude  and  fre¬ 
quency  content  from  the  initial  ground  motion 
produced  by  the  passage  of  the  sound  pulse  used 
in  field  experiments  of  acoustically  coupled  ground 
motion.  It  would  be  more  difficult  to  distinguish 
the  FERF  ground  motion  from  the  low-amplitude 
ground  motion  that  follows  the  spike  of  ground 
motion  induced  by  the  passage  of  the  sound  pulse. 

A  second  concern  was  how  to  freeze  the  soil  in 
the  test  basin.  The  conventional  means  of  freezing 
the  contents  of  a  test  basin,  which  is  to  circulate 
supercooled  brine  through  panels  resting  on  the 
surface  of  the  material  in  the  test  basin,  could  not 
be  used  because  geophones  and  support  stands 
for  microphones  would  extend  above  the  soil  sur¬ 
face.  A  special  method  of  indirectly  using  the  brine 
to  cool  the  southwest  test  basin  was  designed  for 
this  project.  Instead  of  cooling  panels  in  direct  con¬ 
tact  with  the  soil,  a  refrigeration  unit  was  mounted 
at  the  top  of  the  test  basin;  the  air  in  that  portion  of 
the  test  basin  was  cooled  by  contact  with  the  brine 


pipes  of  the  refrigeration  unit,  and  the  frigid  air 
was  then  circulated  by  two  fans.  For  this  method  to 
be  effective,  it  was  necessary  that  the  test  basin  be 
enclosed  to  confine  the  cold  air,  yet  it  was  desirable 
to  have  the  test  basin  open  during  the  ground 
motion  experiments.  The  compromise  was  to  have 
a  movable  roof  and  south  wall  that  were  in  place 
during  cooling  periods  and  removed  during 
ground-motion  experiments.  The  wall  and  roof 
are  described  in  the  appendix  . 

The  cold  air  method  proved  to  be  effective  in 
freezing  the  soil  because  of  the  very  low  tempera¬ 
ture  (-30°C)  of  the  circulating  air.  The  correspond¬ 
ing  method  of  thawing  the  soil,  exposing  it  to  the 
relatively  warm  air  of  the  FERF,  was  much  less 
effective  because  the  temperature  of  the  FERF  air 
was  approximately  that  of  the  outside  air.  Warm¬ 
ing  the  soil  by  exposing  it  to  the  air  in  the  FERF 
would  be  much  more  successful  during  summer 
months  than  it  was  in  February  and  March  1986 
during  the  acoustic-coupling  experiments. 

The  final  consideration  was  whether  the  rever¬ 
beration  of  sound  in  the  test  basin  would  be  detri¬ 
mental  to  the  ground  motion  experiments.  In  the 
field,  acoustic  experiments  are  normally  done  in 
open  areas  so  that  reflected-sound  arrivals  are 
limited  to  sound  reflected  at  the  ground  surface.  In 
the  FERF,  sound  is  reflected  at  the  three  walls  (east, 
north,  west)  of  the  test  basin  as  well  as  at  the  soil 
surface.  In  addition,  multiply  reflected  sound 
(sound  reflected  at  more  than  one  surface)  may  be 
strong  enough  to  induce  ground  motion.  Time 
series  records  from  microphones  showed  that 
sound  reverberation  was  pronounced  but  that  it 
was  negligible  after  1  second.  Provided  that  the 
time  offset  between  the  passage  of  the  direct  sound 
wave  and  the  arrival  of  primary  reflected  sound 
(sound  reflected  once,  at  one  of  the  walls)  could  be 
resolved  on  the  time  series  record  of  ground  mo¬ 
tion,  the  occurrence  of  reverberation  was  not  a 
problem. 

After  the  preliminary  study  of  ground  motion 
inherent  to  the  FERF  was  completed,  the  test  basin 
was  filled  with  sand  to  a  depth  of  70  cm.  The 
surface  of  the  sand  was  level  with  the  edge  of  the 
ramp  that  extended  up  from  the  south  boundary 
of  the  test  basin  to  the  floor  level  of  the  FERF.  The 
sand  covered  the  in  situ  soil  and  the  concrete  foot¬ 
ings  at  the  base  of  the  walls.  The  commercially 
purchased  sand  was  classified  as  well  graded, 
clean  sand  with  a  moisture  content  of  2-3%.  Ten 
determinations  of  compressional  wave  speed  in 
the  sand  over  a  range  of  5  m  (0.5-m  increments) 
gave  values  ranging  from  210  to  280  m/s.  These 


values  were  obtained  from  a  linear  regression  of 
the  time  to  onset  of  ground  motion  vs  geophone- 
source  separation.  Before  the  sand  was  placed  in 
the  test  basin,  a  similar  determination  of  compres¬ 
sional  wave  speed  in  the  in  situ  soil  had  resulted  in 
values  of  250-310  m/s. 

INSTRUMENTATION 

Ground  motion  was  measured  with  geophones 
grouped  in  clusters  of  3  or  4  that  were  in  7  loca¬ 
tions  in  the  test  basin  (Fig.  1 ).  The  clusters  of  3  were 
low-frequ-mcy  (4.5-Hz)  geophones  at  locations  A, 
B,  C,  D,  and  F.  The  geophones  were  at  the  sand 
surface  and  at  depths  of  12  and  20  cm.  Clusters  B, 
D,  and  F  were  vertical-orientation  geophones  that 
produced  voltage  proportional  to  the  vertical  com¬ 
ponent  of  the  velocity  of  ground  motion.  Clusters 
A  and  C  were  sensitive  to  horizontal  ground  mo¬ 
tion  in  the  north-south  and  east-west  directions, 
respectively.  Clusters  E  and  G  were  high-frequen¬ 
cy  (14-Hz)  vertical-orientation  geophones;  each 
cluster  had  a  geophone  at  the  sand  surface  and  at 
depths  of  15, 30,  and  45  cm.  Four  additional  low- 
frequency  geophones  (G1-G4)  at  the  sand  surface, 
together  with  surface  geophone  D,  formed  a  linear 
array  of  4  m  extent. 

The  geophones  were  spaced  about  the  test  ba¬ 
sin  so  that  ground  motion  induced  by  sound  re¬ 
flected  at  the  basin  walls  could  be  identified  by  the 
relative  offset  in  time  among  arrivals  at  the  differ¬ 
ent  locations.  It  was  also  expected  that  any  loca¬ 
tion-dependent  nonuniformity  in  cooling  and 
warming  the  sand  would  be  evident;  this  informa¬ 
tion  would  assist  in  designing  a  planned  follow-on 
set  of  experiments. 

Low-frequency  capacitance  microphones  were 
located  at  positions  M1-M8  (Fig.  1).  They  were 
either  at  the  sand  surface  or  on  support  platforms 
at  a  height  of  0.85  cm.  The  microphones  have  a  flat 
frequency  response  (to  within  3  dB)  over  the  fre¬ 
quency  range  0-500  Hz.  They  were  covered  with 
wind  screens  during  the  ground  motion  experi¬ 
ments  to  duplicate  the  standard  field  set-up. 

The  output  voltage  of  the  geophones  and  mi¬ 
crophones  was  digitized  and  written  to  9-track 
magnetic  tape  by  a  24-channel  seismic  recording 
system.  Each  sensor's  output  was  low-pass  fil¬ 
tered  at  500  Hz  and  sampled  at  a  frequency  of  2 
kHz.  Six  data  files  were  recorded  for  each  test  con¬ 
dition;  of  these,  three  files  were  different  combina¬ 
tions  of  the  sensors  and  three  files  were  repeat  ex¬ 
periments.  A  particular  sensor  was  represented  in 
four  of  each  set  of  six  files. 
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■  Thermocouple  Array 

T1  -T1 0:  Thermocouples  in  Sand  (8  thermocouples  at  depths  of  7.5  to  60  cm  at  each  location) 
TA:  Thermocouples  in  Air  (20  thermocouples  at  5-cm  spacing) 


Figure  1.  Instrumentation  of  test  basin  1  in  the  FERF. 


The  temperature  of  the  sand  as  a  function  of 
depth  was  measured  with  10  vertical  arrays  (Tl- 
T10,  Fig.  1)  of  copper-constantan  thermocouples. 
Each  array  had  eight  thermocouple  heads  spaced 
at  7.5-cm  intervals  between  depths  of  7.5  and  60 
cm.  The  thermocouples  were  sampled  automati¬ 
cally  by  a  Kaye  data  logger  every  30  minutes  and 
the  equivalent  temperature  was  reported  to  the 
CRREL  central  computer. 


A  single  above-ground  vertical  array  of  20  ther¬ 
mocouple  heads  was  located  near  the  southwest 
comer  of  the  test  basin.  These  thermocouples  mea¬ 
sured  the  temperature  of  the  air  at  5-cm  intervals 
between  5  and  100  cm  heights.  This  thermocouple 
array  was  located  on  the  opposite  side  of  the  test 
basin  from  the  cooling  system  as  a  check  on  how 
well  the  fans  circulated  the  cold  air  in  the  test 
basin.  When  the  test  basin  was  open  (south  wall 
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and  roof  removed),  the  air  temperature  readings 
indicated  how  quickly  the  cold  air  inside  the  basin 
warmed. 

The  sand-temperature  records  and  theobserva- 
tions  of  project  personnel  indicated  that  a  pocket 
of  cold  air  would  persist  along  the  north  wall  of  the 
test  basin,  where  the  section  of  permanent  roof 
overhung  the  sand.  No  geophones  had  been  placed 
in  this  area  because  it  had  been  anticipated  that 
sound  reverberation  would  be  particularly  trou¬ 
blesome  in  this  location.  An  east-west  gradient  in 
sand  temperature  sometimes  was  present  when 
the  contents  of  the  adjacent  southeast  test  basin 
were  being  cooled.  The  cold  source  along  the  east 
wall  of  the  ground-motion  test  basin  supplement¬ 
ed  the  circulating  cold  air  in  cooling  the  sand. 

The  acoustic  source  used  in  the  ground-motion 
experiments  was  0.22-caliber  blank  fire.  The  air 
wave  of  the  pistol  fire  triggered  the  seismic  sys¬ 
tem,  causing  a  time-series  record  of  the  ensuing 
ground  motion  (geophone)  and  sound  pressure 
level  (microphone)  to  be  made.  A  starter's  pistol 
was  fired  at  a  height  of  85  cm  from  one  of  three 
locations: 

•Along  the  south  boundary  of  the  test  basin 
(Fig.  1), 

•7.2  m  to  the  south,  and 

•  13.2  m  to  the  south. 

For  the  last  two  locations  the  person  firing  the 
pistol  was  standing  on  the  ramp  leading  from  the 
level  of  the  sand  layer  to  the  main  floor  level  of  the 
FERF.  Although  consistently  held  at  a  height  of  85 
cm  above  the  concrete  floor,  the  incline  of  the  ramp 
caused  the  pistol  to  be  1 .6  m  above  the  sand  layer 
when  fired  at  the  closest  source  position  on  the 
ramp  and  3.5  m  above  the  sand  layer  when  fired  at 
the  farthest  source  position  on  the  ramp. 

The  two  source  positions  on  the  ramp  were 
used  with  the  intention  of  better  duplicating  a  field 
experiment.  At  those  positions  there  was  greater 
separation  between  the  source  and  the  sensors  and 
less  confinement  of  the  sound  by  side  walls.  The 
amplitude  of  the  acoustically  coupled  ground  mo¬ 
tion,  however,  did  not  decrease  in  proportion  to 
the  greater  propagation  distance  of  thedirect  sound 
waves.  This  was  confirmation  that  the  complex 
geometry  of  the  FERF  in  the  vicinity  of  the  test 
basin  did  affect  sound  levels,  and  consequently 
acoustically  coupled  ground  motion,  relative  to 
free-field  conditions. 

The  second  type  of  ground-motion  source  used 
in  the  experiments  was  the  contact  force  due  to  a 
sledge  hammer  striking  a  steel  plate  resting  on  the 
sand  at  the  source  location  shown  in  Figure  1 .  Next 


to  the  plate  was  a  vertical-orientation  geophone; 
the  output  of  that  geophone  was  used  solely  to 
trigger  the  seismic  system.  Ground  motion  in¬ 
duced  by  the  hammer  blow  was  measured  by  the 
geophone  clusters.  A  complication  with  this  meth¬ 
od  of  activating  the  recording  system  was  that 
ground  motion  induced  by  vehicle  activity  out¬ 
side  the  FERF  also  triggered  the  recording  system. 
This  made  it  particularly  difficult  on  some  days  to 
obtain  electronically  stacked  records  of  ground 
motion  due  to  hammer  blows.  Unless  the  sand  was 
hard  frozen,  the  channels  of  the  recording  system 
corresponding  to  geophone  locations  closer  than 
3  m  typically  were  saturated  by  the  geophones' 
output  voltage.  Whether  or  not  the  output  of  the 
farther  geophones  saturated  the  recording  system 
correlated  with  the  local  frozen-unfrozen  state  of 
the  sand.  At  those  locations,  the  amplitude  of 
ground  motion  induced  by  a  hammer  blow  would 
increase  as  the  sand  thawed  until  it  reached  satu¬ 
ration  level  in  the  unfrozen  sand .  This  was  consis¬ 
tent  with  the  changing  elastic  properties  of  the 
sand  as  it  thawed. 

TEST  CONDITIONS 

The  acoustically  coupled  ground  motion  exper¬ 
iments  were  done  between  26  February  and  14 
March  1986  (Table  1).  The  reference  test  condition 
was  the  dry  (ambient  moisture  content),  unfrozen 
sand  on  26  February.  After  that  set  of  experiments, 
the  south  wall  and  roof  of  the  test  basin  were  put 
in  place  and  the  sand  was  cooled  by  circulating 
cold  air  inside  the  test  basin.  By  28  February,  the 
thermocouples  in  the  sand  indicated  that  to  a 
depth  of  30  cm  the  temperature  of  the  sand  was 
below  freezing.  The  test  basin  was  opened  up 
(south  wall  and  roof  removed),  and  a  set  of  ground 
motion  experiments  was  done.  The  sand  was  loose 
to  a  depth  of  approximately  5  cm,  but  the  geo¬ 
phones  were  more  firmly  seated  in  the  sand. 

The  sand  was  further  cooled  between  28  Febru¬ 
ary  and  3  March,  which  dropped  the  temperature 
of  the  sand  to  below  freezing  to  a  depth  of  53  cm. 
The  loose  sand  layer  at  the  surface  remained;  the 
cohesive  sand  below  it  did  not  collapse  when  it 
was  unsupported  laterally  to  a  depth  of  1 0  cm,  but 
it  did  crumble  when  poked.  After  a  set  of  ground 
motion  experiments  on  3  March,  the  test  basin  was 
left  open  and  the  sand  was  warmed  by  exposure  to 
the  air  in  the  FERF.  How  quickly  the  sand  warmed 
can  be  determined  from  the  daily  records  of  the 
air-  and  sand-temperature  data  (Peck  1988).  By  5 
March,  the  day  of  the  next  experiments,  the  depth 
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Table  1.  Site  conditions. 


Date 

Designation 

Temperature  profile  of  sand 

Observations 

26  Feb  86 

1 

Temperature  of  sand  is  above  freezing  (2-3°C) 
at  all  depths;  varies  with  depth  by  1°C  with 
deeper  sand  being  warmer. 

Sand  loose. 

28  Feb  86 

II 

Temperature  of  sand  is  below  freezing  to 
depth  of  30  cm. 

Sand  loose  to  depth  of  5  cm.  Geophones 
more  firmly  seated. 

3  Mar  86 

III 

Temperature  of  sand  is  below  freezing  to 
depth  of  53  cm. 

10-cm-deep  pit  showed  sand  loose  to 
depth  of  5  cm,  cohesive  sand  below. 
Cohesive  sand  did  not  collapse  when 
unsupported  but  crumbled  when  poked. 

5  Mar  86 

IV 

Temperature  of  sand  is  below  freezing  to 
depth  of  53  cm  with  coldest  sand  being  at 

15-38  cm  depth. 

Sand  loose  to  depth  of  5  cm.  Cohesive 
sand  below. 

7  Mar  86 

V 

Within  accuracy  of  temperature  measure¬ 
ments,  sand  is  unfrozen  at  all  depths. 

Sand  dry. 

VI 

Within  accuracy  of  temperature  measure¬ 
ments,  sand  is  unfrozen  at  all  depths. 

Sand  wetted  until  water  pools  on  surface. 
Saturated  layer  10-20  cm  deep  depend¬ 
ing  on  location. 

10  Mar  86 

VII 

Temperature  of  sand  is  below  freezing  to 
depth  of  45-53  cm. 

Sand  firm  to  touch  except  top  grains. 

12  Mar  86 

VIII 

Within  accuracy  of  temperature  measure¬ 
ments,  sand  is  at  frozen-unfrozen  transition 
at  all  depths,  sand  at  7.5-cm  depth  is  warmest. 

Sand  is  damp,  unfrozen  where  it  had 
been  saturated.  Color  contrast  with  un¬ 
wetted  sand. 

13  Mar  86 

IX 

Temperature  of  sand  is  within  the  -1°  and  -0“C 
range  at  all  depths. 

Sand  wetted  so  it  is  cohesive.  Grains  no 
longer  separable.  Sand  cooled  for  3  hr. 
Sand  surface  is  hard;  scattered  loose 
grains.  Sand  color  darkens  as  it  thaws. 

14  Mar  86 

X 

Within  accuracy  of  temperature  measure¬ 
ments,  sand  is  at  frozen-unfrozen  transition 
at  all  depths. 

Sand  loose,  damp. 

15  Mar  86 

Within  accuracy  of  temperature  measure¬ 
ments,  sand  is  at  or  above  freezing  at  all 
depths. 

By  color  and  cohesiveness,  sand  has  con¬ 
sistent  moisture  content  from  1  to  >55-cm 
depth. 

Note:  Because  of  inherent  inaccuracy  of  temperature  determinations  with  copper-constantan  thermocouple  cable  (±1.5°C 
by  manufacturer's  specifications),  sand  at  a  given  depth  is  said  to  be  frozen  only  if  the  temperature  is  S  -2°C.  The  temperature 
of  the  sand  surface  is  unknown. 


to  which  the  s>  id  was  below  freezing  was  still  53 
cm,  but  the  sand  had  wanned  from  the  surface 
down  so  that  the  coldest  sand  was  between  15  and 
38  cm  deep.  The  sand  was  still  loose  to  a  depth  of 
5  cm. 

The  sand  continued  to  warm  between  5  and  7 
March,  when  two  sets  of  ground  motion  experi¬ 
ments  were  done.  The  first  experiments  were  of 
acoustically  coupled  ground  motion  in  dry,  unfro¬ 
zen  sand;  unlike  the  26  Febmary  experiments,  the 
sand  had  now  been  through  one  cooling-warm¬ 
ing  cycle  in  the  FERF.  When  this  set  of  experiments 
was  completed  ,  the  sand  was  sprayed  with  ground 
water  until  the  water  pooled  at  the  surface  of  the 
sand  layer.  Pits  dug  in  the  sand  (Fig.  1)  indicated 
that  the  sand  was  wet  to  depths  of  10  to  20  cm. 


depending  on  the  location  in  the  test  basin.  A  sec¬ 
ond  set  of  ground  motion  experiments  was  then 
done.  During  the  1 .75  hours  it  took  to  complete 
this  set  of  experiments,  the  moisture  content  of  the 
sand  probably  was  changing  to  some  unknown 
extent  as  the  water  drained  into  the  sand.  At  the 
beginning  of  the  test  period,  however,  the  mois¬ 
ture  content  of  the  upper  layer  of  sand  was  at  or 
close  to  saturation. 

After  the  second  set  of  experiments  on  7  March, 
the  test  basin  was  closed  and  the  sand  was  cooled 
continuously  for  3  days.  On  10  March  the  temper¬ 
ature  of  the  sand  was  below  freezing  to  a  depth  of 
45-53  cm,  and  the  sand  was  hard  frozen.  All  the 
geophones  were  held  firmly  in  the  frozen  sand. 
After  ground  motion  experiments  on  10  March 
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were  completed,  the  sand  was  allowed  to  warm. 
By  1 2  March,  the  sand  was  at  approximately  0°C  at 
all  depths.  The  sand  that  had  been  sprayed  on  7 
March  was  noticeable  for  being  damp  and  for  a 
color  contrast  with  the  unwetted  sand.  The  set  of 
experiments  done  to  determine  acoustically  cou¬ 
pled  ground  motion  on  this  day  was  complicated 
by  an  inconsistency  in  the  acoustic  source.  A  new 
supply  of  0.22-caliber  blanks  was  being  used;  of 
every  6  blanks  fired,  1-2  were  duds  that  sounded 
like  handclaps,  2-3  were  louder  but  muffled,  and 
only  one  had  the  customary  report  of  blank  fire. 
Since  the  duds  often  triggered  the  recording  sys¬ 
tem,  many  records  had  to  be  discarded.  The  sand 
continued  to  warm  overnight,  reaching  above¬ 
zero  temperatures  to  depths  of  7.5  to  15  cm.  It  was 
evident  that  the  sand  would  not  be  completely 
thawed  by  14  March,  the  last  day  that  the  test  basin 
was  available  for  the  ground  motion  experiments. 

In  an  effort  to  duplicate  the  test  condition  of 
hard  frozen  sand,  on  13  March  the  sand  was 
sprayed  with  water  and  then  cooled  for  almost  4 
hours.  This  did  drop  the  temperature  of  the  sand 
in  the  top  7.5  cm  to  below  freezing  (~0.5°C)  and 
caused  the  surface  of  the  sand  to  be  hard  frozen; 
however,  the  temperature  gradient  was  less  than 
1  °C  over  53  cm,  with  the  lowest  temperature  being 
-1.4 °C.  In  contrast,  onlOMarch  the  tempera  ture  of 
the  hard  frozen  sand  at  a  depth  of  7.5  cm  was  -12 
to  -18°C,  depending  on  location.  The  final  set  of 
experiments  was  done  on  14  March.  The  sand  had 
warmed  overnight  and  was  now  damp  and  loose 
at  the  surface.  The  temperature  of  the  sand  was 
above  freezing  to  a  depth  of  15  cm;  it  was  less  than 
1  degree  below  zero  to  a  depth  of  60  cm. 

Of  the  test  conditions  during  the  26  February  to 
14  March  period,  three  were  common  field  situa¬ 
tions:  dry,  unfrozen  sand  (26  February,  7  March); 
saturated  sand  (7  March)  overlying  unfrozen  sand, 
as  following  a  rainstorm  or  snow  melt;  and  hard 
frozen  sand  ( 1 0  March),  as  when  wet,  thawed  sand 
refreezes.  On  1 2  March,  when  the  hard  frozen  sand 
had  thawed,  the  sand  was  damp;  in  the  field  this 
would  correspond  to  the  completion  of  the  spring 
thaw,  when  there  is  no  longer  a  subsurface  frozen 
layer  to  prevent  drainage  of  water  released  by 
melting  at  the  surface  of  the  soil. 

The  cooling-warming  cycle  with  dry  sand  (28 
February-5  March)  served  to  determine  the  time 
required  to  complete  such  a  cycle  during  winter 
months  when  the  air  inside  and  outside  the  FERF 
is  cold;  its  counterpart  in  nature  would  be  a  loca¬ 
tion  where  relatively  dry  soil  passes  through  freez¬ 
ing  and  thawing  episodes.  The  existence  of  the 


loose  top  layer  (5  cm)  of  sand  is  attributed  to  the 
lower  moisture  content  of  the  surface  sand,  which 
had  been  exposed  to  the  drying  action  of  air  circulat¬ 
ing  in  the  FERF  for  1 0  months  without  any  replen¬ 
ishment  of  moisture;  the  dryer  sand  did  not  adhere 
when  it  was  cooled  below  freezing,  whereas  the 
underlying,  moister  sand  became  more  cohesive. 
The  author  has  not  encountered  a  similar  situation 
in  field  experiments  because  they  have  been  con¬ 
ducted  in  areas  where  rain  and  dew  customarily 
have  caused  the  soil  to  be  moist  at  the  onset  of 
winter.  As  an  example,  when  a  testbed  of  sand 
used  in  acoustic  coupling  studies  at  a  Maine  field 
site  froze,  it  became  a  rigid,  hard  frozen  slab  sim¬ 
ilar  to  the  condition  of  the  FERF  sand  on  10  March; 
the  exception  to  this  was  a  loose  surface  layer  2-4 
cm  thick  that  would  exist  for  a  few  hours  on  warm 
days  when  the  upper  portion  of  the  sand  thawed, 
only  to  refreeze  and  become  hard  later  in  the  day. 

PRELIMINARY  ASSESSMENT  OF 
ACOUSTICALLY  COUPLED 
GROUND  MOTION 

The  ground  motion  records  for  test  condition  I 
(26  February)  were  encouraging  in  that  the  first 
wavelet  of  ground  motion  appeared  similar  in 
shape  to  that  seen  in  field  experiments.  For  most 
vertical  geophones,  the  initial  ground  motion  was 
a  high-amplitude/high-frequency  wavelet  fol¬ 
lowed  by  lower  amplitude  ground  motion  in  which 
succeeding  peaks  were  evident.  Calculations  of 
travel  times  for  sound  reflected  from  the  east, 
north,  and  west  walls  confirmed  that  the  subse¬ 
quent  peaks  corresponded  to  expected  arrivals  of 
reflected  sound;  the  arrival  times  were  calculated 
for  a  sound  speed  of  331  m/s,  which  in  the  absence 
of  wind  (and  neglecting  humidity  and  pressure 
effects)  is  the  speed  of  sound*  in  air  at  0°C. 

An  independent  determination  of  the  sound 
speed  was  made  using  the  travel  time  of  the  direct 
sound  wave  between  pairs  of  geophones  in  the 
linear  array.  This  gave  sound  speeds  of  325,  340, 
320,  and  230  m/s.  The  last  value  was  for  the  short¬ 
est  propagation  distance  (0.8  m);  it  is  judged  to  be 


'  Note.  The  equation  for  the  speed  of  sound  in  air  is 
C  =  20.05 Vr(l  +0.14  L)+  U 

where  T  is  temperature  (Kelvin),  U  is  the  component  of  wind 
speed  in  the  direction  of  sound  propagation,  E  is  the  water 
vapor  pressure,  and  P  is  the  total  pressure.  Inside  the  FERF, 
where  there  is  no  wind,  temperature  is  the  dominant  factor 
controlling  sound  speed. 
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Figure 2.  Calculated  sound  arrivals  at  the  surface  geophone  of  each  cluster  and  at 
geophones  G1-C4  (test  condition  I).  The  two  horizontal  geophones  are  oriented 
north-south  (A)  or  east-west  (C).  D  =  direct  c  ave;  W=west  wall  reflection,  £  = 
east  wall  reflection;  N  =  north  wall  reflection. 
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the  least  accurate  because  errors  in  the  measure¬ 
ments  of  path  length  and  arrival  time  are  much 
more  significant  over  so  short  a  distance. 

Calculated  arrivals  of  reflected  sound  are  shown 
in  Figure  2  for  each  geophone.  The  time  delay  to 
initiation  of  ground  motion  by  the  passage  of  the 
direct  air  wave  increases  with  distance  from  the 
acoustic  source.  Similarly,  sound  reflected  from 
the  north  wall  reaches  G4  first  and  more  distant 
geophones  successively  later.  Location  in  the  test 
basin  determines  how  easily  ground  motion  in¬ 
duced  by  sound  waves  reflected  at  the  east  and 
west  walls  is  resolved;  at  geophones  A  and  F  the 
difference  in  calculated  arrival  times  is  on  the 
order  of  1  ms,  at  geophones  E  and  G  it  is  9  ms. 

Geophone  C  shows  stronger  ground  motion  in¬ 
duced  by  the  sound  waves  reflected  at  the  east  and 
west  walls  than  that  due  to  the  direct  or  north- 
wall-reflected  sound  waves.  This  is  consistent  with 
the  geophone  being  oriented  to  respond  to  the 
east-west  component  of  horizontal  ground  mo¬ 
tion.  The  sound  reflected  at  the  east  and  west  walls 
passes  geophone  C  along  paths  with  large  east- 
west  components.  Geophone  A,  also  a  horizontal 
geophone,  responds  to  north-south  ground  mo¬ 
tion.  Relative  to  geophone  C,  it  shows  strong 
ground  motion  induced  by  the  direct  sound  wave. 

The  apparent  ground  motion  at  geophone  loca¬ 
tion  B  was  distinctly  different  from  the  records  of 
the  other  vertical  geophones.  The  absence  of  a 
h  igh  -amplitude  /  high-frequency  initial  wavelet  of 
surface  ground  motion  persisted  through  one  cool¬ 
ing-warming  cycle  until  the  sand  had  been  wetted 
( test  condition  VI).  The  greater  cohesiveness  of  the 
moist  sand  meant  that  the  B  surface  geophone  was 
more  firmly  seated  in  the  sand;  because  of  the  bet¬ 
ter  coupling  between  the  geophone  and  the  sand, 
the  geophone  output  more  accurately  represented 
the  actual  ground  motion.  This  interpretation  of 
the  apparently  anomalous  surface  motion  at  loca¬ 
tion  B  is  consistent  with  the  fact  that  ground  mo¬ 
tion  at  depth  at  location  B  did  show  the  initial  high- 
amplitude/high-frequency  wavelet.  The  buried 
geophones  would  have  been  firmly  seated  in  the 
sand  under  all  test  conditions  both  because  of  the 
weight  of  the  overlying  sand  and  because  the  sand 
at  depth  was  more  cohesive  than  the  dryer,  ex¬ 
posed  surface  sand.  Although  poor  coupling  be¬ 
tween  surface  geophone  B  and  the  sand  during 
test  conditions  I  through  V  invalidated  those  de¬ 
terminations  of  ground  motion  at  that  location,  it 
did  serve  as  an  indication  of  the  inaccuracy  that 
may  result  when  a  geophone  is  placed  in  an  infirm 
medium  such  as  dry,  unfrozen  sand  or  powdery 


snow  unless  considerable  effort  is  taken  to  assure 
good  coupling. 

A  second  feature  of  some  geophone  records 
that  was  present  only  under  certain  test  conditions 
was  low-amplitude /low-frequency  first  ground 
motion.  The  initial  surface  ground  motion  at  loca¬ 
tion  D  is  of  low  frequency  and  low  amplitude  for 
test  conditions  II,  III,  and  IV  (Fig.  3a).  During  these 
experiments  there  was  a  shallow  layer  of  loose 
sand  overlying  firmer  sand .  This  low-amplitude/ 
low-frequency  ground  motion  was  not  evident  at 
locations  F,  G,  or  G1-G4;  it  may  be  present  as  a 
much  less  prominent  arrival  at  location  E.  (Geo¬ 
phone  location  B  is  not  considered  because  the 
surface  geophone  was  not  well  coupled  to  the  sand 
during  these  experiments,  as  discussed  above.) 
The  low-amplitude/ low-frequency  initial  motion 
is  not  evident  at  the  depths  of  the  buried  geophon¬ 
es,  which  are  below  the  loose  sand  layer.  The 
spottiness  of  the  occurrence  of  this  ground  motion 
within  the  test  basin  may  be  due  to  local  variation 
in  the  existence  of  the  shallow  sand  layer,  which 
would  be  due  to  location-dependent  differences  in 
the  effectiveness  of  the  method  of  cooling  the  sand . 
Another  possibility  was  that  the  presence  of  the 
low-amplitude/low-frequency  ground  motion 
was  determined  by  the  propagation  of  a  seismic 
wave  initiated  by  the  pistol  blast  (Albert  1988), 
particularly  if  a  minimum  source-geophone  sepa¬ 
ration  was  necessary  for  the  seismic  wave  to  be 
evident  at  the  sand  surface,  but  with  slightly  far¬ 
ther  travel  the  seismic  wave  attenuated  below 
detection  level. 

Given  the  uncertainty  about  the  nature  of  the 
initial  low-amplitude/low-frequency  ground 
motion,  it  is  not  clear  what  the  occurrence  of  such 
ground  motion  implies  with  regard  to  the  suitabil¬ 
ity  of  the  FERF  for  ground  motion  studies.  If  non- 
uniform  freezing  of  the  sand  was  the  reason  for  the 
location-dependent  occurrence  of  the  low-ampli¬ 
tude/low-frequency  ground  motion,  then  that  is  a 
liability  for  future  studies.  In  the  field,  an  area  the 
size  of  the  FERF  test  basin  that  was  part  of  a  larger 
open,  flat  area  would  be  likely  to  freeze  and  thaw 
uniformly,  leading  to  insignificant  lateral  varia¬ 
tion  in  the  frozen-thawed  state  of  the  ground,  a 
situation  that  cannot  be  duplicated  in  the  FERF 
with  the  present  method  of  cooling  and  warming 
the  sand.  If  the  initial  low -amplitude/ low-fre¬ 
quency  ground  motion  were  due  to  the  passage  of 
seismic  waves  that  existed  because  of  the  presence 
of  the  shallow  layer  of  loose  sand,  then  closer  spac¬ 
ing  of  the  surface  geophones  would  have  deter¬ 
mined  the  spatial  offset  corresponding  to  its  first 
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appearance  and  also  its  attenuation  with  propaga¬ 
tion  in  the  sand;  in  that  case,  the  FERF  would  have 
been  shown  to  be  a  useful  site  for  ground  motion 
studies  under  various  combinations  of  unfrozen- 
frozen  layers. 

A  final  consideration  in  the  preliminary  assess¬ 
ment  of  acoustically  coupled  ground  motion  in  the 
FERF  is  the  dependence  of  amplitude  upon  loca¬ 
tion  in  the  test  basin.  Whereas  it  would  be  expect¬ 
ed  that  the  amplitude  of  surface  ground  motion 
would  decrease  with  distance  from  the  acoustic 
source,  as  a  consequence  of  reduced  sound  pres¬ 
sure  levels  due  to  geometrical  spreading.  Figure  2 
shows  that  the  ground  motion  coupled  to  the 
direct  sound  wave  is  higher  in  amplitude  at  G2 
than  at  Gl.  A  contributing  factor  to  this  is  any 
directionality  of  the  source:  it  is  assumed  that  the 
sound  pressure  will  be  greatest  along  the  axis  of 
the  gun  barrel.  The  greater  separation  between  the 
acoustic  source  and  G2  means  that  the  angle  be¬ 
tween  G2  and  the  direction  of  fire  is  less  than  the 
corresponding  angle  at  Gl,  and  presumably  the 
sound  incident  at  G2  originated  at  a  higher  pres¬ 
sure  level  because  its  direction  was  closer  to  the 
on-axis  emission  of  sound  from  the  gun  barrel.  To 
avoid  potential  source-directionality  effects,  it 
would  have  been  necessary  either  to  position  all 
the  geophones  on  a  straight  line  or  to  locate  the 
acoustic  source  at  a  greater  distance  from  the  geo¬ 
phones  so  that  all  the  angles  between  the  line  of  fire 
and  geophone  locations  would  be  small.  Using 
source  positions  on  the  ramp  to  the  south  of  the 


test  basin,  however,  introduced  its  own  complex¬ 
ity  (discussed  above)  that  offset  the  advantage  of 
the  greater  source-geophone  separations.  With 
regard  to  having  the  geophones  in  a  line,  they  were 
intentionally  placed  throughout  the  test  basin  in 
order  to  determine  any  dependence  of  ground 
motion  on  location;  changes  in  ground  motion 
arising  from  the  frozen-thawed  or  dry-saturated 
state  of  the  sand  were  unambiguous  at  each  geo¬ 
phone  location  because  the  relative  position  of  the 
pistol  barrel  was  the  same  for  the  entire  series  of 
experiments  and  particular  source  location  (adja¬ 
cent  to  the  test  basin  or  on  the  ramp). 

VARIATION  IN  ACOUSTICALLY  COUPLED 
GROUND  MOTION  WITH  DIFFERENCES 
IN  SAND  CONDITIONS 

A  time-series  record  of  acoustically  induced 
ground  motion  at  the  D  geophone  cluster  is  shown 
for  each  test  condition  in  Figure  3.  The  D  cluster 
was  selected  for  this  example  because  the  arrivals 
of  reflected  sound  at  its  location  are  well  separat¬ 
ed.  The  acoustic  source  was  single  0.22-caliber 
blank  fire  at  the  edge  of  the  test  basin.  A  represen¬ 
tative  trace  is  shown  for  each  test  condition.  Nor¬ 
malized  values  of  peak-to-peak  amplitude  are  giv¬ 
en  in  Table  2.  The  test  conditions  considered  here 
are  I  (dry,  unfrozen  sand),  VI  (saturated  sand),  and 
VII  (hard  frozen  sand)  as  these  are  the  particular 
conditions  that  were  intended  to  be  systematically 
investigated  in  the  FERF. 


Table  2.  Normalized  amplitudes  of  D-cluster  geophones. 


Test 

condition 

Surface 

13  on 

20  cm 

A 

B 

A 

B 

A 

B 

1 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

II 

0.67,  0.66 

— 

0.88,  0.68 

— 

0.68,  0.56 

— 

III 

0.50,  0.58 

— 

0.90,  0.88 

— 

0.56,  0.55 

— 

IV 

0.97,  0.98 

— 

0.72,  0.62 

— 

0.60,  0.51 

— 

V 

1.00,  1.07 

1.06, 1.26 

1.25, 1.39 

1.91,  2.00 

1.09,  1.25 

1.55,  1.71 

VI 

0.73,  0.88 

1.09,  1.09 

0.88, 1.03 

1.81, 1.77 

0.61,0.75 

1.24, 1.17 

VII 

0.13,  0.09 

0.15,  0.18 

0.06,  0.05 

0.12,  0.12 

0.05,  0.05 

0.12,  0.11 

VIII 

1.27,  1.10 

— 

0.29,  0.18 

— 

0.22,  0.15 

— 

IX 

0.43, 0.46 

— 

0.46,  0.45 

— 

0.12,  0.10 

— 

X 

0.93,  0.91 

— 

0.65, 0.55 

— 

0.63,  0.50 

— 

Scale  factor 

— 

— 

1.60 

1.34 

1.37 

1.20 

A  and  B  refer  to  2  different  sensor  combinations. 


The  two  entries  under  A  or  B  are  from  repeat  experiments  approximately  20  minutes 
apart.  B  results  are  presented  for  only  4  test  conditions.  The  first  entry  under  A  in  each 
column  corresponds  to  Figure  3  (a-c). 

Only  one  valid  record  for  test  condition  I  was  available  for  either  sensor  combination. 

Scale  factor  is  the  number  by  which  the  1 3-cm  and  20-cm  entries  must  be  multiplied  to  be 
in  proportion  to  the  surface  entries. 
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At  the  sand  surface  (Fig.  3a)  the  direct-wave 
ground  motion  was  of  higher  frequency  in  the  sat¬ 
urated  sand  (VI),  suggesting  that  coupling  be¬ 
tween  the  geophone  and  sand  had  improved. 
Acoustically  coupled  ground  motion  in  hard  fro¬ 
zen  sand  (VII)  was  greatly  reduced  in  amplitude. 

At  depths  of  13  cm  (Fig.  3b)  and  20  cm  (Fig.  3c), 
the  direct-wave  motion  in  dry,  unfrozen  sand  was 
well  defined,  with  a  higher  frequency  than  at  the 
surface.  This  is  consistent  with  better  coupling  be¬ 
tween  the  geophone  and  the  sand  when  the  geo¬ 
phone  is  buried.  The  occurrence  of  ground  motion 
induced  by  reflected  sound  is  seen  clearly  at  both 
depths.  The  amplitude  of  the  first  wavelet  of  ground 
motion  was  smaller  in  the  saturated  sand  than  in 
either  the  initial  dry,  unfrozen  sand  (I)  or  the  dry 
sand  that  had  been  through  a  cooling-warming 
cycle  (V).  At  both  depths  the  acoustically  coupled 
ground  motion  in  the  hard  frozen  sand  (VII)  was 
reduced  by  80-90%  relative  to  that  in  dry,  unfro¬ 
zen  sand  (I). 

A  comparison  of  the  three  sets  of  traces  indi¬ 
cates  several  depth-dependent  aspects  of  the  cou¬ 
pled  ground  motion.  First,  the  peak-to-peak  first 
motion  at  the  20-cm  depth  was  always  less  than 
that  at  the  1 3-cm  depth.  This  is  consistent  with  the 
attenuation  of  the  sound  wave  as  it  propagated 
through  the  sand  layer.  Second,  the  recovery  from 
the  hard  frozen  state  was  delayed  with  depth.  The 
first  test  series  after  the  hard  frozen  sand  had  be¬ 
gun  to  thaw  (VIII)  showed  that  the  surface  motion 
was  the  same  as  for  unfrozen  sand,  the  amplitude 
of  the  motion  at  the  13-cm  depth  was  30%  of  that 
in  condition  I  sand,  and  the  amplitude  of  motion  at 
the  20-cm  depth  was  20%  of  that  in  the  condition  I 
sand. 

The  lower  amplitude  of  the  coupled  ground 
motion  at  depth  in  saturated  sand  is  consistent 
with  reduced  air  permeability  due  to  increased 
moisture  content  of  the  sand  (Prout  1961 ,  Aljibury 
and  Evans  1965,  Cramond  and  Don  1987).  The 
reduction  in  amplitude  was  -30%  at  the  13-cm 
depth  and  -40%  at  the  20-cm  depth,  relative  to 
ground  motion  in  condition  I  sand. 

Upon  freezing  the  saturated  sand,  the  water  in 
the  pore  spaces  became  ice  that  firmly  bonded  the 
sand  grains.  One  consequence  of  this  was  that  the 
compressional  wave  speed  in  the  sand  layer,  as 
determined  with  hammer  blows,  was  higher  due 
to  the  different  compressional  wave  speeds  in 
water  (-1500  m/s)  and  ice  (-3000  m/s).  Similar 
changes  in  compressional  wave  speed  in  earth  ma¬ 
terials  have  been  reviewed  by  Scott  et  al.  (1990). 
The  change  in  elastic  properties  upon  freezing  the 


saturated  sand  was  evident  also  as  lower  ampli¬ 
tude  ground  motion  in  response  to  a  hammer 
blow.  Ground  motion  at  surface  geophone  D  due 
to  a  hammer  blow  saturated  the  recording  system 
under  all  test  conditions  except  the  hard  frozen 
sand,  when  the  amplitude  of  the  ground  motion 
was  42%  of  the  saturation  value.  The  higher  stiff¬ 
ness  of  the  ice-bonded  sand  meant  that  the  same 
contact  force  would  cause  a  smaller  displacement 
of  the  sand. 

The  variation  in  acoustically  coupled  ground 
motion  with  whether  the  sand  was  dry,  saturated, 
unfrozen,  or  frozen  (Fig.  3,  Table  2)  confirms  that 
these  variables  should  be  systematically  investi¬ 
gated.  The  FERF  experiments,  particularly  the  con¬ 
trast  between  dry  unfrozen  sand  and  hard  frozen 
sand,  were  extreme  conditions.  The  limitation  on 
resolving  the  effects  of  moisture  content  or  frozen- 
unfrozen  state  of  the  sand  would  be  the  reproduc¬ 
ibility  of  the  measurements  of  ground  motion. 
Table  2  shows  that  there  generally  is  good  agree¬ 
ment  between  repeat  experiments  when  the  only 
variable  is  the  test  condition.  When  a  change  in  the 
set-up  of  the  recording  system  is  also  made  (com¬ 
pare  set  A  and  set  B  entries  for  test  condition  V), 
then  the  variation  in  ground  motion  due  to  the  dif¬ 
ferent  test  conditions  is  less  certain. 

CONCLUSIONS 

The  use  of  a  test  basin  in  the  FERF  for  experi¬ 
ments  in  acoustically  coupled  ground  motion  has 
helped  to  determine  the  variation  in  coupled 
ground  motion  when  the  sand  is  saturated  or  wet 
sand  is  frozen.  These  extreme  cases  caused  a  depth- 
dependent  reduction  in  ground-motion  amplitude 
of  30-40%  (wet  vs  dry  sand)  and  80-90%  (hard 
frozen  vs  unfrozen  sand ) .  The  differences  in  ground 
motion  induced  by  blank  pistol  fire  due  to  changes 
in  the  frozen-thawed  and  dry-saturated  state  of 
the  sand  could  be  distinguished  from  background 
seismic  noise  caused  by  machinery  operating  in 
the  FERF  or  vehicles  outside  the  building. 

This  series  of  experiments  demonstrated  an 
effective,  unconventional  means  of  cooling  the 
contents  of  a  test  basin,  but  showed  that  the  meth¬ 
od  of  warming  the  test  basin,  which  was  to  expose 
it  to  the  air  in  the  FERF,  is  inadequate  due  to  its 
slowness  during  winter  months.  An  improvement 
in  controlling  the  freezing  of  the  sand  would  be  to 
have  feedback  between  the  thermocouples  in  the 
sand  and  the  fans  circulating  the  frigid  air  such 
that  the  fans  would  be  automatically  shut  off  when 
the  temperature  of  the  sand  at  a  particular  depth 
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dropped  below  freezing.  If  the  ground  motion  ex¬ 
periments  are  then  done  within  a  day  or  so,  the 
sand  is  unlikely  to  warm  significantly  as  long  as 
the  test  basin  remains  closed.  Being  able  to  control 
the  depth  of  the  freezing  front  would  permit  sys¬ 
tematic  investigation  of  the  changes  in  coupled 
ground  motion  as  the  frozen  layer  thickens. 

A  method  of  drying  the  sand  would  make  it 
possible  to  vary  the  moisture  content  of  the  sand  in 
a  controlled  manner  and  thus  determine  its  influ¬ 
ence  on  acoustically  coupled  ground  motion. 
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APPENDIX  A:  TEST  BASIN  1  SPECIFICATIONS 


Test  basin  1  is  a  7.6-m  x  6.4-m  cell  in  the  most 
southwest  comer  of  the  test  area  of  the  FERF.  It  is 
bounded  on  the  west  by  a  concrete  wall  in  com¬ 
mon  with  the  mobilization  aisle,  on  the  north  by  a 
plank  wall  in  common  with  test  basin  2,  on  the  east 
by  a  concrete  wall  in  common  with  test  basin  8, 
and  on  the  south  by  a  removable  wooden  wall  con¬ 
structed  for  this  project. 

The  basin  was  covered  with  two  sections  of  in¬ 
sulated,  wooden  roof.  The  northernmost  section 
of  the  roof  was  fixed  in  place.  It  supported  the 
cooling  system,  provided  access  to  the  test  basin 
through  a  trap  door,  and  when  in  place  served  as 
a  walkway  spanning  test  basin  1 .  Most  of  the  basin 
was  covered  with  a  removable  roof.  This  roof  sec¬ 
tion  rested  on  top  of  the  concrete  wall  in  common 
with  test  basin  8  and  on  an  angle  iron  running  the 
length  of  the  west  wall.  At  both  the  east  and  the 
west  ends  two  eyebolts  were  placed  symmetrical¬ 
ly  about  the  east-west  centerline  of  this  roof  sec¬ 


tion.  Short  chain  lengths  connected  the  eyebolts. 
The  roof  was  raised  and  lowered  using  the  block- 
and-hoist  assemblies  attached  to  a  rolling  gantry 
that  spanned  the  width  of  the  FERF  test  area.  Once 
the  roof  was  free-hanging,  i.e.,  raised  above  its  side 
supports,  it  could  be  moved  by  two  people  push¬ 
ing  the  gantry  on  its  tracks.  When  not  in  place,  the 
roof  was  set  down  to  the  north  of  test  basin  1 . 

The  south  wall  was  raised  and  lowered  using 
one  block-and-hoist  assembly  attached  to  the  gan¬ 
try.  It  pivoted  on  its  base  with  little  lateral  transla¬ 
tion.  A  person  standing  on  the  roof  could  attach 
the  block-and-hoist  assembly  to  eyebolts  in  the 
top  of  the  wall.  The  wall  was  lowered  prior  to  mov¬ 
ing  the  roof.  It  rested  on  the  ramp  adjacent  to  test 
basin  1  when  not  in  use.  The  movable  wall  was 
slightly  less  than  the  width  of  the  test  basin;  nar¬ 
row  floor-to-roof  stationary  sections  served  as  stops 
for  the  wall. 
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